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Optical response due to the photo excited carrier or exciton dynamics in a one-dimensional ~1D!
dimethylglyoxime Pt complex @Pt~dmg!2# has been investigated by femtosecond pump–probe
spectroscopy. Measurements were made at several excitation energies between the exciton state and
the free electron hole pair state. Induced absorption was observed in the low-energy side of the
exciton band at any excitation energy. The spectral shape of the induced absorption changed with
time between 0.1 and 0.3 ps after instantaneous rise up. These results can be explained by the
formation and thermalization processes of the relaxed excited state on the adiabatic potential
surface. The unthermalized relaxed excited state is formed in a very short time ~,50 fs!. From the
Raman spectrum, the frequency of the intermolecular stretching mode along the chain was estimated
to be 80 cm21 (T;400 fs). These facts suggest that, in contrast to other 1D systems such as
polydiacetylenes ~PDA! and halogen bridged mixed valence metal complexes ~MX!, the formation
of the relaxed excited state is caused not by the stretching vibration along the 1D chain. We propose
the possibility that the triggering of the primary relaxation is caused by a high frequency ~.600
cm21! intramolecular mode which is not in the direction of the 1D chain. © 1999 American
Institute of Physics. @S0021-9606~99!51617-6#I. INTRODUCTION
In one-dimensional ~1D! electronic systems, many inter-
esting optical properties have been found such as 1D exciton,
polaron, and soliton. By using picosecond and femtosecond
spectroscopy, dynamic aspects of photo-excited states in
conjugated polymers,1,2 J aggregates,3–6 and halogen bridged
metal complexes have been investigated.7–9 It has been
shown that electronic delocalization through the 1D chain
and the configurational instability of the excited state are
responsible for their magnitude and the response time of the
nonlinear optical properties.10–12
Very recently, large optical susceptibilities have been
found in d8 transition metal complexes containing di-
onedioximes as ligands M~dmg!2 ~M denotes a metal: Pt, Ni,
or Pd!.13–15 These complexes have square planar configura-
tions and are stacked face to face to form a linear metal chain
in the solid state.15–18 The central metal chain has a simpler
1D backbone compared with the main chain of other 1D
materials ~It does not have a zig–zag configuration or does
not contain different atoms!. Furthermore, the electronic pa-
rameters of these metal complexes are expected to be
changed easily by changing the kind of metal ion and/or the
substituents in the ligands. This can be done without chang-
ing the main structural framework. This is a remarkable ad-
vantage of this type of complexes. Actually, Yamamoto
et al. have succeeded in fabricating a controlled short chain
and a super structure in this system.19,208680021-9606/99/110(17)/8687/9/$15.00
Downloaded 15 Mar 2010 to 130.34.135.83. Redistribution subject toPreviously, we measured the photo-conductivity ~PC!
and the electroabsorption ~EA!21 in order to reveal the nature
of the electronic ground and excited states. From the PC
measurement, the band gap energy was obtained to be ;2.1
eV. This indicates that the strong absorption band observed
in the visible-near infrared ~Vis-Nir! region (1.4;2 eV) is
due to the exciton. Furthermore, the results of the EA and the
analysis using the 1D exciton and free electron-hole pair
model confirmed the assignment of the absorption band to
the 1D exciton band. Thus, we can deal with this material as
a 1D system not only structurally but also electronically.
However, dynamic aspects of the exciton and the free e-h
pair in 1D M~dmg!2 have not been revealed yet.
On the other hand, ultrafast optical responses are re-
ported for several other 1D systems such as polydiacetylene
~PDA! and halogen bridged metal complexes ~MX!.1,2,7–9
They are caused by strong electron ~exciton!–phonon inter-
action. The dynamic properties of the excited state are un-
derstood as the relaxation into the relaxed excited state @self-
trapped exciton ~STE!, polaron, and/or soliton#. Our interest
lies in finding similar relaxation processes in the M~dmg!2
system. In PDA and MX, the electron–phonon system is
considered to be stabilized by the coupling of the 1D exciton
or free electron-hole (e-h) with a vibration in the direction
of the 1D chain.1,2,7–9,22 Since in ideal 1D systems no poten-
tial barrier exists along the reaction coordinate,10–12 the ini-
tial process of relaxation is predicted to occur in a time of the
order of the period of associated phonon vibration ~15–20 fs7 © 1999 American Institute of Physics
 AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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cited state was actually observed in PDA and MX.1,2,7–9
Similar processes are also expected to occur in our system.
However, the structure of the chain of our metal complex
which consists of neutral and equivalent molecules16–18 is
considerably different from that of other 1D systems. There-
fore, the dynamic properties of the excited state in 1D metal
complexes may be different from those of other 1D systems.
In the present study, we have investigated the relaxation
dynamics of the photo-excited states of the 1D platinum
complex by pump–probe spectroscopy using 150 and 40 fs
pulses. Up to now, no luminescence has been found in this
system. Therefore, the pump–probe ~transient absorption!
measurement is a quite useful method to investigate the re-
laxation dynamics. Measurements were made at several
pumping photon energies in the range of the 1D exciton and
the free electron-hole pair absorption.
II. EXPERIMENT
Vacuum evaporated thin films of Pt~dmg!2 ~Platinum
dimethylglyoxime complex! of ;100 nm thickness were pre-
pared on fused quartz substrates of 1 mm thickness. 1D
chains are parallel to the plane of the substrate, but are un-
oriented. The synthesis of the complexes and the preparation
of the thin films were described in detail in previous
papers.13,14 In the pump–probe experiments, a regenerative
amplifier system of Ti:Al2O3 laser ~Coherent Mira 900F,
Quantronix RGA! operating at 1 kHz was employed as a
light source. The wavelength, the pulse energy and the pulse
width were 800 nm, 1 mJ, and 150 fs, respectively. The
fundamental light of 800 nm was divided into two beams.
Wavelength conversion was made for one of the beams using
an optical parametric generator/amplifier ~OPA: Light Con-
version TOPAS 800!. In this study, 836 nm ~1.48 eV!, 779
nm ~1.55 eV!, 670 nm ~1.85 eV!, and 576 nm ~2.15 eV!
pulses were used for excitation. The pulse width of the out-
put from the OPA are shortened to 100–150 fs by the non-
linear effect within the OPA. The residual beam was used for
generating white light of 400–1000 nm region in a CH3OH
cell of 5 mm thickness. The reflective optics was used in the
white light generator to prevent broadening of the white-light
due to the wavelength dispersion of the group velocity
~GVD!. The white light was used as a probe beam. The
probe beam was further divided into two. One was passed
through the sample and one was reference, respectively.
They were detected by a CCD detector ~Princeton Instru-
ments LN/CCD-1100PB UV/AR! placed after a polychroma-
tor ~Acton Research Spectra pro-275!. The polarization of
the pump beam was set perpendicular to that of the probe
beam in order to block the scattered pump beam. Our white
light has a dispersion of 0.4 ps between 500 and 1000 nm by
the GVD effect. We reconstructed the transient spectra by
using the measured spectra at each delay and the dispersion
data. The dispersion data of the white light were obtained by
measuring of the frequency mixing between the fundamental
~800 nm! and the white light. The cross-correlation function
between the fundamental and the white light was fitted by a
Gaussian function with a full width at half maximum
~FWHM! of ;180 fs. We used this Gaussian function as theDownloaded 15 Mar 2010 to 130.34.135.83. Redistribution subject toinstrumental response function for the convolution analysis.
The time resolution of about 50 fs is obtained by this proce-
dure. We also made a pump–probe experiment at 800 nm
using a 40 fs laser system ~Spectra Physics Tsunami/35 fs
and Super Spitfire!. Cross-correlation width of 60 fs
~FWHM! was obtained as instrumental response function by
a pre-compensation of a chirping using a quartz or SF-10
prism pair placed before the experimental optics. The probe
beam was directly detected by a Si-photodiode ~Thorlabs
DET100! without passing through a spectrometer. The de-
tected signal was amplified by lock-in-amplifier ~Stanford
Research SR830!. The pump and the probe beams were
modulated at separate frequencies and the difference fre-
quency was used as a reference frequency of the lock-in-
amplifier.
The Raman spectrum was recorded by using a FT-
Raman spectrometer ~Bruker RFS-100!. The sample in pow-
dery crystal state was excited by a Nd:YAG laser ~1064 nm,
50 mW!. The frequency resolution and the detectable lowest
frequency of the apparatus are ;4 and ;50 cm21, respec-
tively
III. RESULTS
A. Ground-state linear absorption spectrum
Figure 1 shows the absorption spectrum of a Pt~dmg!2
thin film in the Vis-Nir region at 80 K. Polarized absorption
measurement of a single crystal and of an oriented film
shows that the optical transition dipole is oriented in the
direction of the main chain, which indicates the one-
dimensionality of the electronic state associated with this
absorption. The absorption band was ascribed to the delocal-
ized d2p excited state of the metal.16,17 Previously, we mea-
sured the photo-conductivity ~PC! and the electroabsorption
~EA! and assigned the Vis-Nir absorption to the exciton
transition.21 However, the broad band width ~;0.5 eV! and
the structures in the spectrum observed below ;150 K23 can-
not be explained by a simple exciton picture. The absorption
band can be deconvoluted into five Gaussian functions as
shown in the figure. Peak energies were obtained to be 1.483
FIG. 1. Absorption spectrum of a Pt~dmg!2 thin film in the visible -near
infrared region at 80 K ~solid bold line!. Five Gaussians ~with peaks at
1.483, 1.590, 1.730, 1.870, and 2.029 eV! and an exponential rise are used
in the fitting ~dashed line!. The exponential rise function was used to repro-
duce the band to band absorption in higher energy region. The result of the
fitting is shown by the open circles. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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differences between b and c,c and d,d and e are ;140 meV
~1130 cm21!, respectively, and that between a and b is 107
meV ~863 cm21!. The periodicity in the energy scale of the
structures b, c, d, and e shows that they are vibrational struc-
tures. Observation of a strong Raman peak at 1140 cm21
confirms this assignment.24 This suggests that the coupling
between the exciton and the intramolecular vibrational mode
is considerably strong. The frequency corresponding to the
energy difference between a and b was found at 860 cm21 in
the Raman spectrum. This suggests that b is also a vibra-
tional structure. However, we cannot confirm it since higher
vibrational side band of 860 cm21 cannot be detected. An-
other possible explanation is that a and b are due to the
different electronic states, though we have not obtained the
evidence in EA spectrum.21
B. Transient absorption spectra under 1.48 eV
excitation
Figure 2 shows the transient differential ~D OD! absorp-
tion spectra at various delay times under 1.48 eV excitation.
Measurements were made at 80 K. The excitation energy
density on the focusing spot on the sample was 0.2 mJ/cm2.
Bleaching around the excitation energy and absorption in-
crease in the lower energy side were observed just after ex-
citation. The latter disappeared within 50 ps. However, the
bleaching still remained at 50 ps. Figure 3 shows the time
evolutions of the absorbance change observed at 1.35 ~ab-
sorption increase!, 1.45, 1.50, and 1.59 eV ~bleaching! up to
100 ps. The decay profiles of the absorption increase at 1.35
eV can be fitted to a single exponential function. The char-
acteristic time constant of the decay is 26 ps. Almost, the
same decay constant was observed at other observing ener-
gies of the absorption increase. The behavior of the bleach-
FIG. 2. Linear ~top frame! and transient absorption spectra of a Pt~dmg!2
thin film at 80 K at various delay times. The spectral shape of the excitation
pulse is superimposed on the linear spectrum. The excitation photon energy
and the energy density of the excitation pulses were 1.48 eV ~836 nm! and
0.2 mJ/cm2, respectively.Downloaded 15 Mar 2010 to 130.34.135.83. Redistribution subject toing is more complicated than that of the absorption increase.
The bleaching decays until ;20 ps. After that, it grows again
slowly up to 100 ps at 1.45 and 1.50 eV. The bleaching
persisted at times longer than 200 ps. The differential spec-
trum at 240 ps agrees well with the temperature differential
spectrum. The temperature differential spectrum was ob-
tained by subtracting the absorption spectrum at 80 K from
that at 200 K. This shows that the spectral change observed
at longer delay times is due to the lattice temperature rise of
the ground state. The long-lived component of the bleaching
shown in Fig. 3 is considered to be due to this hot ground
state.25
Figure 4 shows the transient spectrum in an ultrashort
time region in which the pump and probe pulses are over-
lapped in time. In the spectrum at 0.14 ps, an intense bleach-
FIG. 3. Time evolutions of the absorption change under excitation at 1.48
eV in the long ~;100 ps! time scale observed at 1.35 ~absorption increase!,
1.45, 1.50, 1.59 eV ~bleaching!. Each profile is normalized at delay50. The
solid lines show single exponential decays with a time constant of 26 ps.
FIG. 4. Transient absorption spectra in a short time region (20.033
;0.4 ps) under excitation at 1.48 eV, 0.2 mJ/cm2 at 80 K. The spectral
range is limited to the energy region of the bleaching peak and the absorp-
tion increase. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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were observed below 1.4 eV. After that, the absorbance
around 1.4 eV grows with time. A maximum at ;1.35 eV
was observed at 0.42 ps. Before 0.07 ps, the transient absorp-
tion spectrum is complicated and its assignment is difficult.
From the analogy to the case of PDA,1 we made tentative
interpretation as follows. A small dip of the negative signal
at the pumping photon energy shown in the spectrum at
20.07 ps ~arrow! is considered to be the gain by the coherent
interaction between the exciton and the probe pulse ~so-
called coherent spike in time axis!. A negative peak ~1.516
eV! and a shoulder ~1.453 eV! observed in the spectrum at 0
ps ~shown by triangles! are considered to be due to the Ra-
man gain1,26 since the energy differences between these
structures and the excitation energy ~32 and 31 meV! ap-
proximately correspond to the weak Raman signal at 240
cm21.
The time evolutions in a shorter time scale ~20.5–1.5
ps! at various observing photon energies at 80 K are shown
in Fig. 5. The profiles strongly depend on the observing pho-
ton energy. Those at 1.20, 1.30, 1.35, and 1.40 eV show the
absorption increase, while those at 1.45 and 1.59 eV show
the bleaching. Solid lines show the results of fitting by ex-
ponential rise and decay functions. The profiles at 1.20, 1.30,
1.45, and 1.59 eV could be reproduced using a two-
component exponential decay function @k(t)# of the form
k~ t !5a1 expS 2 td1D1b1 expS 2 td2D , ~1!
where d1 and d2 are the characteristic time constants and a
and b are coefficients of each component. The longer time
constant d2 ~526 ps! was determined from measurements in
a longer time scale. The shorter time constant d1 was deter-
mined to be 0.10 and 0.15 ps for the profiles at 1.20 and 1.30
FIG. 5. Time evolution of the absorption change observed at 1.20, 1.35,
1.40, 1.42, 1.45, and 1.59 eV under 1.48 eV excitation. The solid lines show
the results of the fitting using Eq. ~1! ~1.20, 1.35, 1.45, and 1.59 eV! and Eq.
~2! ~1.40 and 1.42 eV!.Downloaded 15 Mar 2010 to 130.34.135.83. Redistribution subject toeV, respectively. At 1.45 and 1.59 eV, we were not able to
determine d2 since the profile of the bleaching could not be
reproduced by a single exponential decay in a time region of
several tens of picoseconds ~Fig. 3!. However, they were
reproduced approximately by the single exponential decay
~26 ps! in the time region up to 10 ps. Here, we used this
time constant ~26 ps! as d2 in Eq. ~1! and obtained d1 as 0.2
ps. In order to investigate whether this fast component of the
bleaching (d1) is the coherent spike or not, we made experi-
ment at higher time resolution. Figure 6 shows the profile
obtained by the pump–probe measurement at 800 nm using
40 fs pulses ~observed at 1.55 under 1.55 eV excitation!.
Time evolution in the longer time scale ~up to 100 ps! is
shown in the inset. Almost the same profile as that observed
at 1.45 and 1.59 eV in Fig. 3 was observed. The solid smooth
line in Fig. 6 shows the calculated curve by Eq. ~1! (d1
50.35, d2526 ps). The coherent spike was observed at
delay50 and was clearly separated from the d1 component.
Detailed results concerning the decay curve within 100 fs
will be published in the near future. Thus, the fast decay
component of the bleaching (d1) is not due to the coherent
spike. It is considered to be ascribed to the overlap of the
absorption increase. The quantitative analysis is presented in
Sec. IV A. In order to reproduce the profiles at 1.35 and 1.40
eV, we need to incorporate a rise up component (r1) in
addition to the decay (d2526 ps) as Eq. ~2!.
k~ t !5a2 expS 2 td2D2b2 expS 2 tr1D , ~2!
where r1 was determined to be 0.15 and 0.25 ps for 1.35 and
1.40 eV, respectively. The temporal behaviors in the sub-ps
time region are characterized as follows using the time con-
stants d1 and r1 : The bleaching at 1.45 eV and the absorp-
tion increase at 1.20 and 1.30 eV rise up instantaneously
within the time resolution ~;50 fs! and they have a fast
FIG. 6. Temporal profile ~20.2–1.0 ps! obtained by pump–probe measure-
ment at 800 nm ~1.55 eV! using 40 fs pulses. The excitation energy density
is 0.1 mJ/cm21. The smooth solid line shows the curve calculated by Eq. ~1!
(d150.35 ps, d2526 ps) and the dashed line is the cross-correlation func-
tion between pump and probe beams (FWHM560 fs) as an instrumental
response function. The latter was measured using a BBO crystal with a
thickness of 50 mm placed at the position of the sample. The inset shows the
profile in the longer time scale up to 100 ps. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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lowed by a slower decay with d2526 ps. On the other hand,
the time profiles of the absorption increase at 1.35 and 1.40
eV have a rise up component with r150.15– 0.25 ps. The
decay at 1.20 and 1.30 eV and the rise at 1.40 eV in sub-ps
time region correspond to the spectral change shown in
Fig. 4.
One of the possible explanations for the absorption in-
crease is the induced absorption from the relaxed excited
state. Similar behavior of the excited state absorption due to
the relaxed excited state has been observed in other 1D
systems.1,2 Yoshizawa et al. explained such kind of spectral
behaviors in PDA as due to the thermalization of the self-
trapped excitons ~STEs! on the adiabatic potential energy
surface ~APES!. In the present study, we cannot confirm ex-
perimentally the presence of the relaxed excited state such as
the STE, since no luminescence has been detected so far for
Pt~dmg!2. However, on the analogy of the case for PDA, we
tentatively assign the photo-induced absorption to the excited
absorption from the relaxed exciton. In the framework of this
interpretation, unthermalized relaxed exciton state is formed
within 100 fs and thermalization time of the relaxed excited
state is estimated to be ;200 fs. Detailed discussions about
the relaxation processes of the exciton will be made in later
section.
C. Excitation energy dependence
In order to discuss the relaxation dynamics in more de-
tail, we also made measurements at other excitation photon
energies ~1.59, 1.85, and 2.15 eV!. The band gap energy was
obtained to be ;2.1 eV from the PC and EA
measurements.21 Excitation pulse with these energies excites
a higher exciton state ~1.59 and 1.85 eV! or free electron-
hole pair state ~2.15 eV!. Solid lines in Fig. 7 show the
transient differential absorption spectra at 0.4 ps after exci-
tation under 836 nm ~1.48 eV!, 780 nm ~1.59 eV!, 670 nm
FIG. 7. Linear ~top frame! and transient differential absorption spectra of
Pt~dmg!2 at various excitation energies ~1.48, 1.59, 1.85, and 2.15 eV! mea-
sured at 80 K. The delay time between pump and probe pulses is 0.4 ps.
Open circles show the results of fitting as described in Sec. IV A ~see text
and Fig. 8!.Downloaded 15 Mar 2010 to 130.34.135.83. Redistribution subject to~1.85 eV!, and 577 nm ~2.15 eV! excitation. Bleaching of a
whole region of the absorption band due to the exciton and
an absorption increase in the low-energy side were observed
at any excitation energy. The spectral shape of the transient
absorption strongly depended on the excitation photon en-
ergy. A remarkable bleaching peak was clearly observed at
1.48 eV under excitation at 1.48 eV. This peak was smaller
in the case of 1.59 eV excitation and no bleaching signal was
found around 1.48 eV under 1.85 and 2.15 eV excitation.
Time evolutions of the absorption change in a short time
region ~,1 ps! under 2.15 eV excitation are shown in Fig. 8.
As seen in the figure, the time evolutions are similar to those
under 1.48 eV excitation shown in Fig. 7. The time profile of
the bleaching observed at 1.63 eV is almost the same as that
observed at 1.59 eV under 1.48 eV excitation. Fitting by
exponential functions was made in the same manner as in
Fig. 5 using Eqs. ~1! and ~2!. No delay was found in the
initial rise of the bleaching and of the absorption increase.
After the initial rise, similar behaviors were observed as in
the case of 1.48 eV excitation: d1 was obtained to be 0.2–0.3
ps at 1.20, 1.35, and 1.63 eV and r150.2 ps at 1.40 eV.
The presence of the bleaching peak at 1.48 eV under
1.48 eV excitation and its absence under 1.85 and 2.15 eV
excitation are quite important in considering the relaxation
dynamics of the excited states. Another important point in
Fig. 7 is the absorption increase around 1.3 eV. This was
observed at any excitation energy. These results suggest ~1!
the bleaching peak under 1.48 eV excitation is ascribed to
the occupation of the lowest exciton state related to the ab-
sorption peak ~a!. Under 1.85 and 2.15 eV excitation, the
lowest exciton state is not formed or relaxes to other states
within the instrument time resolution. ~2! If we admit this,
the absorption increase around 1.3 eV cannot be the induced
absorption from the lowest free exciton state, which suggests
that it is due to the relaxed excited state.
FIG. 8. Time evolution of the absorption change observed at 1.20, 1.35,
1.40, and 1.63 eV under 2.15 eV excitation. Solid lines show the results of
fitting using the same equation as in Fig. 7. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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A. Ultrafast decay component of the bleaching
In order to discuss the relaxation dynamics in 1D
Pt~dmg!2, we made several assumptions for interpreting the
complicated spectral behaviors which strongly depend on the
excitation energy. As shown in Fig. 6, the bleaching of the
absorption band due to the exciton and the absorption in-
crease in the lower energy side were observed under any
excitation energy. The remarkable bleaching peak at 1.48 eV
is clearly observed under excitation at 1.48 eV. However,
under 1.85 or 2.15 eV, no bleaching signal was found around
1.48 eV.
To explain these results, the following assumptions were
made: Under 2.15 and 1.85 eV excitations, the absorption
change consists of the superposition of the induced absorp-
tion and the bleaching resulting from the ground-state deple-
tion as shown in Fig. 9~a!. The spectral shape of the induced
absorption ~after thermalization in the time scale of 0.2 ps!
was assumed to be Gaussian with a peak at 1.42 eV, and
FWHM of 0.23 eV. On the other hand, the shape of the
bleaching by the ground-state depletion is assumed to have
the shape of the ground-state absorption spectrum. In addi-
tion to these contributions ~a!, we assume the contribution of
the excited-state occupation to the bleaching under excita-
tions at 1.48 and 1.59 eV as shown in Fig. 9~b!. The spectral
shape of the bleaching component due to the excited occu-
pation is also assumed to be Gaussian ~peak at 1.48 eV,
FWHM 0.1 eV5deconvoluted Gaussian ~a! in Fig. 1!. With
these assumptions, the observed transient absorption spectra
at various excitation energies were well reproduced as shown
by the open circles in Fig. 7.
The bleaching and the induced absorption assumed
above spectrally overlap with each other between 1.4 and 1.6
eV. The fast decay component of 0.15 ps of the bleaching at
1.45 eV is considered to be due to the rise of the induced
absorption since the corresponding rise component was ob-
served in the higher energy region of the induced absorption
~1.42 eV!. Assuming the overlapping of the bleaching and
FIG. 9. Schematic illustration of the analysis described in Sec. IV A ~open
circles!. ~a!: Absorption change consists of the induced absorption ~solid
line! and the bleaching due to the ground-state depletion ~dashed line! under
excitation at 2.15 and 1.85 eV. ~b! In addition to them, the contribution of
the excited-state occupation to the bleaching ~dashed–dotted line! is in-
volved. ~see Sec. IV A!.Downloaded 15 Mar 2010 to 130.34.135.83. Redistribution subject tothe induced absorption at 1.45–1.6 eV, the time evolution
was reproduced by Eq. ~3! as shown in the top frame of Fig.
10.
DOD~E ,t !5A~E !Kbl~ t !1B~E !Kia~ t !, ~3!
where the adjustable parameter A(E) and B(E) are the en-
ergy ~E! dependent coefficient for the components of the
bleaching and the induced absorption, respectively. The solid
bold line shows the sum of the profile of the bleaching
@dashed line: Kbl(t)# and that of the induced absorption
@solid line: Kia(t)#. A single exponential decay function with
a time constant of 26 ps besides instantaneous rise was used
for the kinetic function of the bleaching (Kbl). The time
profile of the induced absorption (Kia) is expressed by Eq.
~4!.
kia~ t !5expS 2 t26D2expS 2 tr2D , ~4!
where r2 is a rise-up time constant. The time evolutions of
the bleaching between 1.45 and 1.59 eV were well repro-
duced assuming r250.2 ps as shown in Fig. 9. Deconvoluted
spectra obtained from the coefficients A(E) and B(E) are
shown in Fig. 11. The spectral shape of the bleaching ~open
circles! and that of induced absorption ~closed circles! ap-
proximately trace the spectral shape which we assumed in
Fig. 8. Disagreement in the higher energy region ~.1.7 eV
under 1.48, 1.59 eV excitation and .1.8 eV under 1.85, 2.15
eV excitation! may be due to other transitions from the free
or the relaxed exciton state. This analysis confirms the con-
sistency of the analysis. Thus, we can conclude that the fast
decay observed in the time evolution of the bleaching is due
to the rise up component ~;0.2 ps! of the induced absorption
which overlaps with the bleaching.
FIG. 10. The top frame is the schematic illustration of the time profiles of
induced absorption ~solid line! and bleaching ~dotted line! and that of the
resulting absorption change ~solid bold line!. The bottom frame shows the
observed ~open circles! and simulated ~solid bold line! time profiles at sev-
eral energies. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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into the relaxed excited state in Ptdmg2
We tentatively assigned the origin of the induced absorp-
tion decaying with a time constant of 26 ps to the relaxed
excited state. However, it has not been confirmed experimen-
tally, since the direct evidence such as a large Stokes-shifted
intrinsic emission has not been found. In this section we try
to explain the results of the pump–probe spectroscopy by
using the energy diagram including the relaxed excited state.
We use the diagram shown in Fig. 12. The lowest free exci-
ton state is located at 1.48 eV from the ground state @corre-
sponds to peak ~a! in Fig. 1#. Above the lowest exciton state,
higher electronic or vibrational states exist between 1.6 and
2.1 eV corresponding to peaks b, c, and d. The band gap has
been estimated to be ;2.1 eV.21 The relaxed exciton state is
introduced below the lowest exciton state.
In the cases of 1.85 and 2.15 eV excitation, the electroni-
cally or vibrationally higher exciton states ~1.85 eV excita-
tion! and free electron-hole pairs ~2.15 eV excitation! are
excited, respectively. They relax toward the relaxed excited
state predominantly within the time resolution ~;50 fs! as
shown in Fig. 12~a!. Intraband or vibrational relaxation in the
free exciton state may occur. However, the excitons escape
to the relaxed state before reaching the thermalized exciton
state. Also in the case of 1.48 or 1.59 eV excitation, the
excitons escape to the relaxed state. However, they do not
have enough time to escape completely before reaching the
thermalized free exciton state. The potential barrier between
the lowest free exciton state and the relaxed excited state
disturbs the relaxation from the lowest free exciton into the
relaxed state. In this case, excitons also relax to the relaxed
excited state within the time resolution, although they par-
tially remain at the potential minimum of the free exciton
state @Fig. 12~b!#. This is considered to be the reason for the
presence of the bleaching peak under 1.48 eV excitation and
for the absence of the peak under 1.85 or 2.15 eV excitation.
In this interpretation, the rise time of the induced absorp-
tion should reflect the nonradiative transition rate across the
barrier. We were not able to detect any delay in the rise-up of
the induced absorption under 1.48 eV excitation. This im-
plies that the transition is faster compared with the time reso-
lution of our apparatus. Generally speaking, it is not reason-
FIG. 11. Spectra of bleaching ~open circles! and induced absorption ~closed
circles!. They are obtained from the coefficients A(E) and B(E) in Eq. ~3!.
The spectral shape in Fig. 9~b! are also shown.Downloaded 15 Mar 2010 to 130.34.135.83. Redistribution subject toable to assume the presence of a barrier between the free and
relaxed exciton state ~so-called ‘‘self-trapping barrier’’! in
ideal one-dimensional system.10–12 In the next Sec. IV C, we
will discuss the validity of introducing the barrier in the
present system and also discuss the nature of the relaxed
excited state.
After the relaxation into the APES surface of the relaxed
exciton state, thermalization toward the equilibrium state on
the potential surface occurs in the time scale of ;200 fs. The
thermalization is reflected to the rise and decay component
~;200 fs! observed in the time evolutions of the induced
absorption. It is followed by the nonradiative relaxation pro-
cess to the ground state with a time constant of 26 ps. We do
not have any data concerning decay process of the lowest
free exciton to the electronic ground state in the case of 1.49
eV excitation, since the recovery of the bleaching was
screened by the thermal effect. It may relax in the time scale
of several tens of picoseconds in which the bleaching due to
FIG. 12. Schematic illustration of the energy diagram and the relaxation
pathways under 1.85, 2.15 eV ~a! and 1.48 eV excitation ~b!. In the case of
1.85 and 2.15 eV, exciton or e-h pair relaxes directly to the relaxed excited
state without passing the thermalized exciton state. Under 1.48 eV excita-
tion, on the other hand, the exciton near the potential minimum relaxes to
the relaxed state through a barrier. It partially remains in the free exciton
state. In both cases, the thermalization process in the APES of the relaxed
excited state occurs in the time scale of 200 fs. After thermalization, the
system returns to the ground state in 26 ps. AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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high lattice temperature ~;240 K! persists until at least
400 ps.
C. Relaxed excited state in 1D Ptdmg2
In the framework of the theory for the ideal 1D system
with strong electron–phonon interaction,10–12 electronic ex-
cited states are coupled with the vibration along the 1D
chain. By the adiabatic instability of the excited state, the
lattice distortion along the chain occurs and the relaxed ex-
cited state is formed. The relaxation time to the relaxed ex-
cited state is of the order of one period of the optical phonon
mode in a 1D system in which there is no self-trapping bar-
rier. Actually, in several one-dimensional systems ~PDA,
MX!, lattice distortion occurs in the direction of the 1D main
chain and relaxed excited states such as self-trapped exciton
~STE! and polaron or soliton states have been
observed.1,2,7–9,22 In PDA, the formation of the relaxed ex-
cited state is considered to be due to the coupling of the
exciton with CvC and CwC stretching modes. The fre-
quencies of these vibrations are 1470 and 2110 cm21,1 re-
spectively, which correspond to the period of about 15–20
fs. The self-trapping actually occurs within 100 fs.1,2 In 1D
Pt~dmg!2, the unit molecules which form the chain are much
heavier compared to those of PDA and the frequency of the
intermolecular stretching vibration are considered to be
lower. We made a rough estimate of the frequency of the
optical phonon mode corresponding to the intermolecular
stretching mode. The frequency of the stretching vibration of
Pt2 dimer was obtained to be 218 cm21 in the gas phase.27
The molecular weight of Pt~dmg!2 is 425 and is 2.2 times
larger than the atomic weight of Pt. Then, if we assume the
force constant of @Pt~dmg!2#2 dimer is the same as that of
Pt2, the stretching frequency in @Pt~dmg!2#2 dimer is esti-
mated to be ;218 cm2131/A2.25154 cm21. Actually, the
force constant of Pt~dmg!2 is considered to be much smaller
than that of Pt2 since the distance between
Pt~dmg!2–Pt~dmg!2 (3.256A16! is larger than that of Pt–Pt.
Thus, we roughly estimate the frequencies of the intermo-
lecular stretching mode in Pt~dmg!2 dimer and of the optical
phonon to be ,100 cm21. We observed a peak at 80 cm21 in
the Raman spectrum of Pt~dmg!2. This vibration is consid-
ered to be due to the intermolecular mode. This vibration
(T;400 fs) is not appropriate as the predominant mode for
the formation of the relaxed state because the relaxed excited
state is formed within 50 fs. The frequency higher than 600
cm21 is needed for such an ultrafast process. Thus, we con-
clude that the formation of the relaxed excited state is not
induced by the 1D stretching mode in 1D Pt~dmg!2. This
conclusion is quite different from those of other 1D systems
such as PDA and MX. Furthermore, the vibration with a
frequency higher than 600 cm21 cannot be considered to be
an intermolecular mode. We propose that the formation of
the relaxed excited state is induced by the coupling between
the electronic excited states and the intramolecular vibra-
tional mode as a primary relaxation process of the exciton in
Pt~dmg!2.
As described above, we assume the existence of the bar-Downloaded 15 Mar 2010 to 130.34.135.83. Redistribution subject torier between the free and relaxed exciton. We should discuss
the validity of the assumption since there is no self-trapping
barrier in ideal 1D systems. We have described above that,
although the free exciton and the e-h pair are one-
dimensional, the relaxed excited state is not considered to be
formed by the 1D stretching mode and that the initial relax-
ation of the exciton occurs not in the direction of the chain. It
follows that the relaxation in 1D Pt~dmg!2 is different from
the self-trapping in ideal 1D systems. In the latter systems,
the lattice distortion occurs along the chain. Therefore, it is
not unreasonable to assume a barrier between the free exci-
ton and the relaxed excited state.
We have shown in this section that, the results of the
transient absorption measurement can be explained by the
relaxation model including the relaxed excited state. The ini-
tial formation process of the relaxed excited state occurs
within 50 fs, which is induced by a high-frequency mode
~.600 cm21!, and not by the intermolecular stretching mode
~80 cm21!. However, initial relaxation dynamics driven by
the high-frequency vibration occurs within the time resolu-
tion in our system. Measurement with higher time resolution
should be made. We are constructing a sub-50 fs measure-
ment system in order to make such measurements. In addi-
tion to Pt~dmg!2, we are investigating other 1D systems
M~dmg!2 (M5Ni and Pd! in which the electronic and vibra-
tional parameters are different from those of Pt~dmg!2. These
results will be published in the near future. Another interest-
ing subject in this system is the relaxation process under
metal-to-ligand charge transfer ~MLCT! excitation. A study
on this subject is also in progress.28
V. SUMMARY
We have investigated the relaxation dynamics in
Pt~dmg!2 thin films by femtosecond transient absorption
measurement by changing the excitation wavelength around
the absorption band due to the exciton. The bleaching of the
exciton absorption and the induced absorption were ob-
served, whose behaviors can be explained by the relaxation
to the relaxed excited state. The initial relaxation to the re-
laxed excited state occurs within 50 fs. This was estimated
from the rise up time of the induced absorption. The initial
relaxation is followed by the thermalization of the relaxed
excited state in a time of ;200 fs. This is reflected in the
temporal change of the spectral shape. The formation of the
relaxed excited state in this system is considered to be caused
by the coupling of the exciton and a vibration higher than
;600 cm21. This shows that the initial relaxation is induced
by an intramolecular vibration. This is quite different from
other one-dimensional case such as PDA or MX.
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